The authors study deoxyribonucleic acid ͑DNA͒ sensing characteristics of carbon nanotube network field-effect transistors ͑CNNFETs͒ by monitoring their electrical responses upon immobilization with a DNA probe, hybridization with DNA analytes, and intercalation with a N , NЈ-bis͑3-propylimidazole͒-1, 4,5,8- The development of deoxyribonucleic acid ͑DNA͒ hybridized biosensors is motivated by the wide scale of genetic testing, clinical diagnostics, fast detection of biological warfare, and environmental testing, where cheap biosensors with miniaturized analytical systems are required. Carbon nanotubes ͑CNTs͒ have attracted much attention because their electronic structure is sensitive to molecular adsorption on the tube walls 1,2 or within the tubes. 3 Therefore there is a growing body of research on the development of carbon nanotubes in DNA sensing. The covalent functionalization of carbon nanotubes surfaces to attach DNA capture probes 4 and the fluorescent confocal detection of dye labeled complementary DNA have been reported. 5 Electrochemical detection of DNA based on vertically aligned multiwalled carbon nanotube nanoelectrode arrays has also been demonstrated. 6 Recently, noncovalent functionalization of carbon nanotube feld-effect transistor ͑FET͒ devices has been reported to show highly sensitive electronic detection of biomolecules such as antibodies. [7] [8] [9] . A very recent paper has demonstrated the label-free detection of DNA hybridization using CNT-FETs immobilized with single-stranded DNA. 10 Here we report that the carbon nanotubes network fieldeffect transistors ͑CNNFETs͒ immobilized by a DNA oligomer encoded with a terminal NH 2 ͑NH 2 -DNA͒ show reliable detection and differentiation of its complementary and single-base mismatched DNA analyte. We demonstrate that sensitivity improvement using threading intercalator can be achieved by transport measurements in dry FET devices rather than using conventional electrochemical detection.
The intercalator we use is the
+ pendants ͑PIND-Os͒, which has been reported to bind strongly to double-stranded DNA because these two pendants interact with DNA via electrostatic forces. 11 The selective intercalation of PIND-Os with CNNFETs hybridized with complementary DNA further enhances the sensitivity of the devices and the Os͑bpy͒ 2 Cl + ͑bpy= bipyridine͒ pendant primarily contributes to the current reduction.
The fabrication of CNNFET devices has been reported elsewhere. [12] [13] [14] The electrode of the CNNFETs used was pure Au. The channel length separated by Au electrodes in the devices was varied from 5, 10, 25, 50, 75 to 100 m. Figure 1͑a͒ demonstrates the schematic illustration of the nanotube network devices and a typical atomic force microscope image showing strands of single-walled carbon nanotube ͑SWNTs͒ and catalyst particles on them. For immobilization of the capture probes the CNNFET devices were incubated in 1 M of 12-mer synthetic oligonucleotides in a Tris-ethylenediaminetetraacetic acid ͑Tris-EDTA͒ buffer solution ͑10 mM tris-HCl/1.0 mM EDTA/0.10M NaCl͒ buffer solution for a period of 16-24 h. Following immobilization, the devices were washed thoroughly with buffer solution to remove the excess DNA and were subsequently dried. This ensured that the observed change in SWNT devices were not related to loosely bonded species on the device surface.
For hybridization experiments, 10 l of DNA solution ͑500 nM complementary or single-base mismatched target analyte͒ was pipetted on top of the immobilized devices for 1 h, followed by washing. The sequences of the synthetic oligonucleotide and the target analytes are shown in Fig.  1͑b͒ . For the intercalation process 10 l of PIND or PIND-Os ͓chemical structures shown in Fig. 1͑c͔͒ , with the concentration of 100 g / ml in Tris-EDTA buffer solution, was pipetted on the hybridized devices for 15 min, followed by thorough washing.
Figures 2͑a͒ and 2͑b͒ show the typical transfer curves for CNNFETs after immobilization with NH 2 -DNA, where large reduction in normalized drain current ͑I d ͒ was observed with respect to corresponding bare devices. Reduction in drain currents has been attributed to attachment of DNA molecules on the sidewalls of CNTs resulting in electron doping to the CNT semiconductor channels. 10 On the other hand, in other reports, drain current reduction has also been attributed to the modulation of the metal-nanotube contact resistance due to gas environments or molecular absorption. 15, 16 The cause for I d reduction and the exact contribution of the DNA-CNT interaction and its effect on charge transport warrants further study.
The immobilized CNNFETs hybridized with their complementary target DNA show a relatively large percentage reduction of I d ͓18.8% in Fig. 2͑a͔͒ as compared to those hybridized with the single-base mismatched target DNA ͓6.4% in Fig. 2͑b͔͒ . The significant reduction in I d for complementary hybridization indicates the formation of a double-stranded DNA which may lead to the increase of scattering centers on semiconductor channels 10 or the shifts in Au work function further away from the valence band of carbon nanotubes. Figure 3͑a͒ summarizes the mean values of the sequential reduction in I d after immobilization and hybridization. The DNA hybridization response was studied on devices with transistor lengths varying from 5 to 100 m. The nanotube network is a random direction assembly of SWNTs with different diameters and tube lengths. Because the interaction between SWNT and DNA depends on tube diameter 17 this distribution may affect the relative change of I d , as its influence on the absolute I d value in pristine devices with identical device geometries. 13 Statistics carried out based on 14 devices with different channel lengths indicate that deviceto-device variations, ϳ5% for complementary and for mismatched, are smaller than difference that result from different analytes. Therefore it allows us to conclude that the NH 2 -DNA immobilized CNNFETs show significant differentiation in selective detection of complementary ͑21.5%͒ and single-base mismatched ͑5.1%͒ DNA analytes. The immobilized samples exposed to only the Tris-EDTA buffer solution on the other hand showed no change in I d , thus confirming that the DNA-transistor interactions were directly responsible for the change in I d .
The DNA intercalators have been used since 1990 to avoid labeling of the target DNA and improved the detection limit by electrochemical methods. 11, 18, 19 In Fig. 3͑a͒ we observe that further incorporation of PIND-Os intercalators results in an additional 21.8% of I d reduction for the CNNFETs hybridized with complementary DNA, while relatively small percentage of change in I d ͑9.1%͒ is detected for those hybridized with mismatched DNA. This indicates that a highly selective intercalation to double-stranded DNA is achieved and the process can be detected by electrical measurements for FET devices in dried states. Figure 3͑b͒ provides the x-ray photoelectron spectroscopy ͑XPS͒ spectrum ͑Al as the x-ray source͒ where the Os 4f 7/2 core level binding energy at 50.4 eV and Os ͑VIII͒ peak at 52.8 eV are identified. 20 After PIND-Os intercalation the Os content in the CNNFETs with complementary DNA hybridization is significantly enriched as opposed to the CNNFETs with mismatched DNA hybrid- ization. This corroborates the selective intercalation concluded from electrical measurements. To understand the causes of current reduction by intercalation we have also performed the parallel intercalation experiments using PIND intercalator, where the I d is not reduced after intercalation to the CNNFETs hybridized with the complementary DNA. This suggests that the redox-active ligand Os͑bpy͒ 2 Cl + primarily contributes to the I d reduction for PIND-Os intercalation.
In summary, we have performed the electrical measurements for CNNFETs immobilized with NH 2 -terminated DNA. It is concluded that NH 2 -DNA immobilized CNNFETs show reliable detection and differentiation for selective hybridization between complementary and single-base mismatched target DNA. A further sensitivity enhancement is achieved by including an intercalation process. The intercalation for double-stranded DNA can be detected by the transport measurement using a PIND-Os intercalator, where the redox-active ligand Os͑bpy͒ 2 Cl + is believed to cause an enhancement in the transduction mechanism based on the reduction of drain current. The contribution to the reduction in drain current could come from factors that include metal-CNT contact modulation as well as doping and/or charge transfer or interaction between the CNT and DNA. Further studies are required to understand the role of charge interaction between DNA and CNT, and how the intercalators participate in these charge interactions.
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